Structural and electronic characteristics of 5-(5-chlorothien-2-yl)-2'-deoxyuridine (I), 5-(furan-2-yl)-2'-deoxyuridine (II), 5-(5-bromofuran-2-yl)-2'-deoxyuridine (III), 5-(3-bromoisoxazol-5-yl)-2'-deoxyuridine (V) and 5-(isoxazol-5-yl)-2'-deoxyuridine (IV) have been determined and compared to the BVDU (VI) characteristics in order to explain their respective affinity for the herpes simplex virus type 1 thymidine kinase (TK). Molecular structure of 5-(5-chlorothien-2-yl)-2'-deoxyuridine has been obtained using single crystal X-ray crystallography. Electrostatic potential maps, energy and topology of frontier orbitals were computed at the ab initio MO STO-3G and STO-3G* level. These studies reveal that the electrostatic potential energy maps are clearly dependent on the affinity of the compound for the enzyme.
Stereoelectronic properties of five anti-HSV-1 2'-deoxynucleosides analogues with heterocyclic substituents in the 5-position: A comparison with BVDU

Introduction
The herpes simplex virus type 1 (HSV-1) encodes for several virus specific enzymes involved in the nucleoside metabolism, among them thymidine kinase (TK). TK is a crucial enzyme in the salvage pathway for thymidine 5'-O-triphosphate leading to the incorporation of thymidine in DNA. The thymidine kinase from herpes simplex virus type I has been expressed in E. coli, purified and crystallized (Enquist et al., 1979; Sanderson et al., 1988) . Also the human cytosol TK gene has been cloned, sequenced and its structure was determined (Bradshaw et al., 1984; Flemington et al., 1987) . A theoretical three-dimensional model of the active site of both kinases was developed, based on a structure analysis of various kinases and a comparison with the known structure of reference enzymes (Folkers et al., 1991) .
Thymidine kinase is an important enzyme in the pathogenicity of the virus (HSV-1) in humans (Coen, 1991) . Thymidine kinase-negative mutants mostly have a reduced pathogenicity. The enzyme is also a key enzyme in the metabolic activation of antiviral agents. The modified nucleosides have a much higher affinity for HSV-1 thymidine kinase than for the cellular thymidine kinase, so that preferential phosphorylation in virus-infected cells occur. HSV-1 thymidine kinase could be a target for drugs which might prevent reactivation of HSV-1 when used prophylactically (Leib et al., 1990 ).
Therefore it is important to study the structural difference between the human and viral TK and to search for compounds which interact selectively with the viral TK. Recently we discovered a new series of 5-substitued-2'-deoxynucleosides which show potent activity and high selectivity against HSV-1 ( Wigerinck et al., 1991a,b; Wigerinck et al., 1993) . These compounds are selectively phosphorylated by the viral TK (Bohman et al., 1993) . In this article we try to correlate the affinity of the compounds for the viral TK with stereoelectronic data. First the crystalline structure of 5-(5-chlorothien-2-yl)-2'-deoxyuridine (I) is discussed. Then, we focus on the electronic properties, i.e., molecular electrostatic potential (MEP), topology and energy of frontiers orbitals, by ab initio molecular orbital (MO) calculations. Also a comparison is made with the structural properties of 5-(-2-bromovinyl)-2'-deoxyuridine (VI) which is in vitro one of the most potent HSV-1 inhibitors discovered till now.
Materials and methods
Compounds
5-(2-Bromovinyl)-2'-deoxyuridine (BVDU) (Fig. 1, VI) is one of the most potent and selective agents which inhibits the replication of herpes simplex virus type 1 (HSV-1). This selectivity is due to the preferential phosphorylation of BVDU in HSV-1 infected cells by the viral thymidine kinase. However, BVDU is not the only selective anti-HSV-1 agent and replacement of the bromovinyl substituent by several 5-membered heterocycles yielded a new series of selective anti-HSV-1 compounds: 5-(5-chlorothien-2-yl)-2'-deoxyuridine (I), 5-(furan-2-yl)-2'-deoxyuridine (II), 5-(5-bromofuran-2-yl)-2'-deoxyuridine (III) (Wigerinck et al., 1991a) , 5-(3-bromoisoxazol-5-yl)-2'-deoxyuridine (V) (Wigerinck et al., 1991b) and 5-(isoxazol-5-yl)-2'-deoxyuridine (IV) (Fig. 1) were synthesized as described previously. Table 1 presents their affinity against the viral thymidine kinase of HSV-1 (HSV-1 TK) and their antiviral activity.
Fig. 1. (I) 5-(
5-chlorothien-2-yl)-2'-deoxyuridine. (II) 5-(furan-2-yl)-2'-deoxyuridine. (III) 5-(5-bromofur-an-2- yl)-2'-deoxyuridine. (IV) 5-(isoxazol-5-yl)-2'-deoxyuridine. (V) 5-(3-bromoisoxazol-5-yl)-2'-deoxyuridine. (VI) 5- (2-bromovinyl)-2'-deoxyuridine.
X-ray diffraction
Crystals of 5-(5-chlorothien-2-yl)-2'-deoxyuridine ( Fig. 1, I ) were obtained by slow evaporation of a solution of this compound in a mixture of ethyl acetate-acetone at room temperature. A colourless, prismatic crystal of 0.32, 0.22, 0.36 mm was used for X-ray measurements, D m was not measured. A total of 6045 reflections (1°<Θ<25°) were collected on a four-circle Enraf-Nonius diffractometer (CAD-4 system) using ω-Θ scans and graphite monochromated MoKα radiation (λ = 0.71073 Å), giving 5929 independent reflections (Rint = 0.012) and 5385 observed ones (I≥ 4σ(I)). The intensity data were corrected for Lorentz and Polarisation effects and 5381 observed reflections were used during subsequent structure refinement.
The structure was solved using Direct Methods techniques (SHELX-86 program) (Sheldrick, 1986) (Sheldrick, 1976) . Non-Hydrogen atoms were refined anisotropically, while Hydrogen atoms were included but not refined. Refinement converged to R = 0.037 and Rw = 0.045. Goodness of fit =1.50. (Δ/σ) max = 0.378 and -0.54< Δp eǺ -3 <1.03.
The PLATON 92 program (Spek, 1990) was used for molecular geometry and crystal-packing analyses. All spectroscopic figures presented in the results were drawn using the ORTEP program (Johnson, 1976) . 
51 0.15 dUrd= deoxyuridine a Data taken from Wigerinck et al. (1991a Wigerinck et al. ( ,b, 1993 . b Data taken from Bohman et al. (1993) .
Quantum mechanical calculations
Calculations were realized with optimisation procedure in the framework of the RHF-LCAO-MO-SCF (Restricted Hartree Fock -Linear Combination of Atomic Orbital -Molecular Orbital -Self Consistent Field) formalism. The minimal ST03G (Hehre et al., 1969 ) basis set was used (i.e., Slater-type orbital (STO) approximated from three least-squares fitted Gaussians). However, in the presence of a sulfur atom, stereoelectronic properties have been performed at the ST03G* (Collins et al., 1976) level. The atomic coordinates of the atoms were obtained by crystallographic data. Only the hydrogen atoms were located at standard distances and angles. The deoxyribose group has been replaced by a methyl group in order to reduce the size of the molecule and time consuming problems. The bielectronic integral cut-off and convergence on the density matrix thresholds have been fixed to 10 -10 and 10 -8 , respectively. For all compounds, a geometry optimisation was realized using crystallographic data. An energy difference (about 3-4 kcal) was observed by 180° rotation of the five-membered ring (Fig. 1) . The ah initio calculations were based on the stablest conformation, the torsion angle (C(3)-C(4)-C(5)-C(8)) was 0° for chlorothienyl (I) ( Fig. 1 and 2 ) and 180° for furanyl (II), bromofuranyl (III), isoxazolyl (IV) and bromoisoxazolyl (V) (Fig. 1 ).
All computations have been carried out using the Gaussian 86 program (Frisch et al., 1988) adapted to an IBM 9377/90-FPSM64 computer (running under the VM/ CMS operating system). The molecular electrostatic potential (MEP) values were calculated in selected two-dimensional (2-D) planes using the electrostatic property capabilities implemented into Gaussian 86 (Frisch et al., 1988) .
The generation of the electron charge density iso-contour maps has been performed with the MOPLOT (Molecular Orbital Plot) program (Hinde et al., 1988) . Beside the wave function, the input consists in the desired molecular orbitals (all of them, or a particular one as the homo or the lumo) and the iso-electron charge density surface or contours values (from 0.005 to 0.050, step 0.005 e -/Ǻ 3 ).
All 2-D iso-potential and iso-electron densities maps were produced with an in-house device interactive contouring program, CPS (Contours Plotting System; Bau-doux and Vercauteren, 1989) developed in Fortran with the IBM graPHIGS Software. 
Fig. 2. Atomic numbering and bond lengths (Ǻ) of both molecules (I) (a and b) in
Molecular graphics
All superimpositions have been performed with an in-house molecular modeling package KEMIT (Vanderveken et al., 1989) developed with the PHIGS standard for IBM 3179-G terminals and IBM 5080 WORK stations.
Results
Structural analysis
(1) X-ray diffraction. Atomic parameters of the 5-(5-chlorothien-2-yl)-2'-deoxyuridine (Fig. 1, I ) are given in Table 2 . Final atomic coordinates and thermal factors are listed in Table 3 . There are two molecules in the asymmetric unit. Atoms of the second molecule are numbered from Cl(21) to O(25). Atomic numbering and bond lengths are summarized in Fig. 2 , valence angles are reported in Fig. 3 and crystal packing is presented in Fig. 4 . Crystal data of the other compounds will be soon published.
For both molecules, the five-membered ring is coplanar to the six-membered ring as shown by the dihedral angles C(3)-C(4) -C(5)-C(8) = -0.7(4)° and C(23)-C(24) -C(25)-C(28) = 4.2(4)°. This planarity is closely linked to some contacts O(1)˙˙˙S(1) and 0(21) S(21), as revealed by a shorter value than the van der Waals contacts: O(1)˙˙˙S(1) = 2.840(2)Ǻ and O(21)˙˙˙S(21) = 2.845(2)Ǻ (van der Waals contacts S˙˙˙O = 3.25Ǻ). The S˙˙˙O interaction between a pair of non-bonded fragments of a molecule are known and discussed (Lozac'h, 1971) but not yet fully understood. The quantum chemical interpretation of the nature of the S˙˙˙O interactions has to be attempted using the ab initio SCF-MO method (Angyan, 1987) . The non-bonded SO interactions fall in the critical region between 2.0 and 3.0 Ǻ, which is not covered by any known type of S-O bonding. The structure of 5-(5-chlorothien-2-yl)-2'-deoxyuridine (I) is part of a particular class of compounds characterized by a planar, conjugated five-membered "ring", closed by the non-bonded sulfur and oxygen atoms (Fig. 5) (Angyan, 1987) . It seems that the S...O distances in the range 2.0-3.0 Ǻ are not accidental. They correspond to alterations in the environments of positively charged bi-or quadrivalent S atoms and the electron-attracting O = Y moieties closing five-membered heterorings (Kalman and Parkanyi, 1980) . There is a dense network of hydrogen bonds which stabilizes the crystallographic packing. The pattern is identical for the two molecules (Table 4) . Notice particularly that the asymmetric unit is formed by dimers of which the formation is due to hydrogen bonds (Table 4, One can observe a parallel arrangement of the plane parts of the molecules, uracil cycle of one in front of thiophenyl cycle of another and vice versa. The relatively short distance between the cycles, 3.9 Ǻ, is characteristic of a II-II interaction which could lead to a charge transfer between the considered partners. (Parkanyi et al., 1983) may be compared by molecular superimpositions. Fig. 7 shows that the two conformationally restricted compounds are very similar. The bromovinyl group is quasi coplanar with the uracil cycle (Parkanyi et al., 1987) , then, a good superimposition of the six-membered cycles of the two molecules and of the bromovinyl and the five-membered cycle of 5-(5-chlorothien-2-yl)-2'-deoxyuridine are observed. The orientation of the deoxyribose is variable as we pointed out before.
Molecular structures of the 5-(5-chlorothien-2-yl)-2'-deoxyuridine (I) and of the BVDU (VI)
(2) Steric effect. There are considerable differences in the five-membered cycle of the five 2'-deoxynucleosides structures. Each one has one or two heteroatoms, and three of them are substituted by an halogen atom. The crystallographic data show two particular orientations for the five-membered cycle. For chlorothienyl (I), this cycle is in such a position that the sulfur atom is situated in front of the oxygen atom (Fig. 2, 021 ) of the sixmembered cycle. In contrast, for furanyl (II), bromoisoxazolyl (V), isoxazolyl (IV) and bromofuranyl (III), the heteroatoms point in the opposite direction of the oxygen atom (Fig. 2, 021 ). We suppose that these differences could explain partially the structure-affinity relationships of the compounds. Therefore, we studied the van der Waals envelopes of these molecules and we compared these data with those obtained for BVDU (VI) . No representative conclusions appeared in this comparison, it seems that the orientation of the five-membered ring and the position of the heteroatoms in the cycle are more important than the van der Waals envelopes. 
) for 5-(5-chlorothien-2-yl)-2'-deoxyuridine (I).
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Fig. 4. Stereoview of molecular conformation and crystal packing of 5-(5-chlorothicn-2-yI)-2'-deoxyuri-dine (I).
Fig. 5. S˙˙˙O close contact characterized by a planar five-membered ring. X = O. N, C or S, B and Y = C(sp 2 ) or N(sp 2 ), A = C, Z = O, N, C or H.
CompoundsAffinity homo lumo (µM) (eV) (eV) 5-(2-bromovinyl)-2'-dUrd (VI) 0,
. Stereoview of the superimposition of the 5-(5-chlorothien-2-yl)-2'-deoxyuridine (I) and BVDU (VI).
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Fig. 8. Molecular electrostatic maps at 1.75 Å for (I). 5-(5-chlorothien-2-yl)-2'-deoxyuridine (II). 5-(furan-2-yl)-2'-deoxyuridine. (III). 5-(5-bromofuran-2-yl)-2'-deoxyuridinc, (V). 5-(3-bromoisoxazol-5-yl)-2'-deoxyuridinc, (VI). 5-(2-bromovinyl)-2'-deoxyuridine. Positive and negative equipotential contours are plotted in solid and dotted lines, respectively.
Electronic analysis
(1) Topology and energy of frontier orbitals. In order to explain the affinity of the compounds, we analyzed the topology of the highest occupied and the lowest unoccupied molecular orbitals (homo and lumo, respectively). This property allows to vizualize the electronic density implied in charge transfer interactions. Both are II orbitals, only the 2p atomic orbitals, perpendicular to the molecular plane, contribute to this electron density.
The topology of the homo and lumo is similar for all compounds (the contour maps are available from the authors).
The energies of these frontier orbitals are summarized in Table 5 . The energy of both homo and lumo does not seem to be strongly affected by changing the nature of the atoms in the five-membered cycle.
This approach gave no useful results about structure-activity relationship.
(2) Molecular electrostatic potential (MEP) iso-contour maps. The ab initio STO-3G MEP plots of all the compounds and BVDU in the x/y plane (z = 0) and at distances of 1,75 Ǻ from the plane, are shown in Fig. 9 and 8, respectively. This distance is close to the van der Waals radius and allows us to appreciate the electronic profile perceived by a partner in interaction. Negative equipotential map contours, describing attractive interaction energies for the proton, are plotted in dotted lines. Positive equipotential contours are plotted in solid lines. The contour-to-contour interval for the negative and positive iso-contours are 5 and 1 kcal mol -1 , respectively.
In the plane of all compounds, we observed two attractive zones (by order of -50 kcal mol -1 ) induced by the carbonyls of the uracil cycle (Fig. 9 , →) and a large repulsive zone which is spread so as to form an inclusion between attractive zones. The presence of a chlorine and a bromine atom induces a wider attractive zone for chlorothienyl (I) and BVDU (VI). For furanyl (II), there is another attractive zone (-30 kcal mol -1 ) due to the presence of an oxygen atom (Fig. 9, →) . This zone is more important (-50 kcal mol -1 ) for bromofuranyl (III), isoxazolyl (IV) and bromoisoxazolyl (V) (Fig. 9, →) . At 1.75 Ǻ, the attractive influence of the two carbonyl groups is reduced (-10 kcal mol -1 ). For chlorothienyl (I), furanyl (II) and BVDU (VI) (Fig. 8, → ) the zone induced by the carbonyl in position 4 is spread above the fivemembered cycles, while the six-membered cycles are covered by a repulsive zone. On the contrary, a repulsive zone almost completely covers bromofuranyl (III), isoxazol (IV) and bromoisoxazol (V). As in the plane of the compounds, we observed another attractive zone for bromofuranyl (III), isoxazolyl (IV) and bromoisoxazolyl (V) (-25 kcal mol -1 ) and for furanyl (II) (-5 kcal mol -1 ) (Fig. 8, →) . 
Fig. 9. Molecular electrostatic maps at 0 Ǻ for (I). 5-(5-chlorothien-2-yl)-2'-deoxyuridine. (II). 5-(furan-2-yl)-2'-deoxyuridine. (III). 5-(5-bromofuran-2-yl)-2'-deoxyuridine, (V). 5-(3-bromoisoxazol-5-yl)-2'-deoxyuridine. (VI
Discussion
In order to explain the structure-activity relationships of all the compounds, we studied various properties: the crystallographic structure, the steric effects, the topology and the energy of frontiers orbitals, and the potential electrostatic maps.
X-ray structure analysis of five different 5-substituted-2'-deoxyuridines revealed that all compounds have a quasi-coplanar geometry between the 5-membered heterocyclic ring and uracil base (Table 6 ). The orientation, however, of the five membered ring is different. The oxygen atom of the furanyl ring and the isoxazolyl ring is pointed to the opposite direction than the sulfur atom of the thienyl ring. The asymmetric unit is formed by dimers similar to the ones observed between two DNA bases. An even more pronounced difference is observed when comparing the molecular electrostatic potential iso-contour maps of these compounds at a distance of 1.75 Ǻ above the ring. A large negative region is located above the 5-membered heterocycle and a large positive region above the uracil ring of the compound which are good substrates of the viral TK. In contrast, the positive region is situated above the whole molecule (except for the nitrogen atom of the isoxazolyl ring) of the compounds which are poor substrates for the viral TK. This observation was confirmed by calculating the molecular electrostatic potential maps for 5-(2-bromovinyl)-2'-deoxyuridine (VI). The presence of an attractive region 1.75 Ǻ above the 5-membered heterocycle seems to be important for the binding to the enzyme. On the other hand, the presence of an important attractive ( -50 kcal mol -1 ) zone at 0 Ǻ around the inferior part of the five-membered heterocycle seems to be incompatible with the binding to the enzyme. This study led to a better insight in the structural requirements of 5-substitued-2'-deoxynucleosides to be accepted as substrates for HSV-1 thymidine kinase and can be considered as an important contribution to the development of new selective anti-HSV-1 agents.
